Abstract. The 4 th KSTAR campaign in 2011 concentrated on active ELM control by various methods such as non-axisymmetric magnetic perturbations, supersonic molecular beam injection (SMBI), vertical jogs of the plasma column, and edge electron heating. The segmented in-vessel control coil (IVCC) system is capable of applying n≤2 perturbed field with different phasing among top, middle, and bottom coils. Application of an n=1 perturbed field showed desirable ELM suppression result. Fast vertical jogs of the plasma column achieved ELM pace making and ELMs locked to 50 Hz vertical jogs were observed with a high probability of phase locking. A newly installed SMBI system was utilized for ELM control and a state of mitigated ELMs was sustained by the optimized repetitive SMBI pulse for a few tens of ELM periods. A change of ELM behavior was seen due to edge electron heating although the effect of ECH launch needs supplementary analyses. The ECEI images of suppressed/mitigated ELM states showed apparent differences when compared to natural ELMy states. Further analyses are on-going to explain the observed ELM control results.
Introduction
When compared to low confinement mode (L-mode) which does not have an edge transport barrier (ETB), the high confinement mode (H-mode) in magnetically confined thermonuclear fusion devices exhibits almost a factor of two enhanced confinement and a resulting improvement of stored plasma energy [1] . Since it was discovered during neutral beam injection (NBI) heated discharges in the ASDEX device, achievements of the H-mode have been reported in various types of magnetic fusion devices including tokamaks and stellarators [1, 2] . Therefore, the international thermonuclear fusion reactor (ITER) project considers the ELMy H-mode as its baseline scenario in order to accomplish its major goal, Q=10 where the fusion gain, Q is the ratio of fusion power to auxiliary heating power [3, 4] .
In the H-mode phase, formation of edge particle and thermal transport barriers considerably increases the pressure gradient and current density near plasma edge region due to good confinement.
The resulting edge pedestal structure periodically suffers abrupt relaxation processes; the so called edge localized mode (ELM) bursts [1] . It is believed that large type-I ELMs are caused by a transient MHD instability originating from an excessively steep edge pedestal [5, 6] . This kind of abrupt relaxation processes could be harmful to plasma facing components (PFCs) of reactor scale devices such as ITER. The expected transient heat loading due to ELM bursts in ITER is twenty times higher than the tolerable level of the ITER PFC materials [7] . As a consequence, it is crucial to reduce the transient heat loading during typical H-mode discharges so as to ensure the life time of PFCs in reactor scale device. Although various approaches have been tried including a fundamental change of operation modes, for instance, a quiescent high confinement mode (QH-mode) [8] or H-mode discharges with small ELMs [9] , these regimes with intrinsic small ELMs simply were not found at the Since marginal heating power and plasma control issue prevented to make type-I ELM period sufficiently long in the 2011 KSTAR campaign, the ELM control experiments were mainly conducted on the type-III like medium size ELMs and the mixed type ELMs.
Applied ELM control methods and their results

Non-axisymmetric magnetic field perturbation
Since the design phase of the KSTAR device, the installation of segmented in-vessel control coils has been considered for vertical instability control, intrinsic error field correction, and resistive wall mode suppression [28] . Owing to the segmented geometry of the IVCC, some parts of the IVCC act as axisymmetric ring type coils used for plasma position control while other parts form so called picture frame type coils for generating a NA field as depicted in figure 2. In the poloidal direction, by connecting the neighboring IVCC bundles, we can make three pairs of picture frame coils designated as top, middle, and bottom field error correction (FEC) coils. Each IVCC bundle is toroidally divided into four segments thus the maximum applicable toroidal mode number, n of an NA field is two. The parity of each picture frame, i.e. the outward or inward radial direction of the generated field and the resulting toroidal phase of the NA field are selected by connections among segmented coil parts and their attached power supply. Similarly, the relation among the toroidal phases of the top, middle, and bottom FEC coils determines the poloidal phasing, i.e., the pitch of the resulting NA field to the equilibrium field.
For responding to an urgent issue related to the design of ITER ELM control coils [29] , a total of three unipolar power supplies were installed for each FEC coil group, i.e., the top, middle, and bottom FEC coils during the upgrade period before the 2011 campaign. The maximum current of each power supply was 1.8 kA/turn. The number of turns in each picture frame coil is two therefore the actual maximum current becomes 3.6 kA*turn.
In the 2011 KSTAR experiments, by applying an n=1 NA field perturbation, we observed different ELM control effects varying from full suppression of ELMs to the intensification of ELMs, depending on the poloidal phasing of the FEC coils. The various results of n=1 NA field applications are summarized in table 1. The full suppression of ELMs was achieved with n=1, +90 poloidal phasing of the NA field. Figure 3 represents two similar KSTAR H-mode discharges except for the application of an NA field for the comparison of the NA field effect [16] . As shown in figures 3(b) and 3(c), it was observed that the ELM burst signature in the Dα signals completely disappeared during ~600 ms. One thing noteworthy in the figure is that the intensified ELMs emerge before the ELM suppression period but after the power supplies of the FEC coils are turned on. This could be related to the early increase of the middle FEC coil current prior to the other two off-midplane coils, due to a synchronization problem of the FEC control system. An experiment using the middle FEC coil alone supported the idea of ELM intensification by the middle FEC coil though the intensification mechanism needs further investigation. The ELM intensification phase exhibited almost 10 % drops of plasma parameters including line-averaged electron density, stored plasma energy, and core rotation velocity, compared with the reference discharge #5953, while the drops of electron and ion temperatures were not quite apparent during this phase. On the other hand, during the following ELM suppression phase, the stored plasma energy and core rotation velocity became stationary as shown in figures 3(g) and
It has been routinely observed that there was an evolution of filament structures in the edge pedestal region during ELM events by the ECEI system since the 2010 KSTAR campaign [30] . The ECEI images taken from the ELM control experiments by NA field perturbations depicted the differences among various ELM phases such as an intrinsic ELM phase, an intensified ELM phase, and a suppressed ELM phase. As shown in figure 4 [31] , the filament structures were not seen clearly during the ELM suppression phase while the intrinsic and intensified ELM phases showed the apparent filament structures [31] . Moreover, the filament sizes or poloidal mode numbers of the filaments were much different between the intrinsic and intensified ELM phases. The difference of the filament structures could be related to a modification of ELM driving modes due to the change of ELM stability boundaries by the application of NA field perturbations.
A series of experiments was conducted in order to investigate the minimum level of the NA field required for ELM suppression by varying the FEC coil current. Figure 5 represents the ELM control results depending on the level of FEC coil current. ELMs began to be mitigated from 1.5 kA*turn and completely suppressed above 3.0 kA*turn [16] . The investigation of the minimum NA field level has an importance in the application of low n NA fields since it heavily correlates with plasma mode locking. Occasionally an H-L back transition and subsequent plasma mode locking were observed with the FEC configuration of n=1, +90 poloidal phasing. The difference of edge electron temperature between the ELM suppression case and the unfavorable mode locking case gave some information on the role of edge collisionality. However, detailed analysis is required with edge profile measurements for understanding the underlying physics. During the next KSTAR campaign, a more systematic study will be carried out to find the optimal level of FEC coil current which achieves ELM suppression but avoids locking [32] .
Supersonic molecular beam injection
In this section, we will report the results of ELM mitigation which were obtained by shallow particle deposition in the H-mode pedestal utilizing the newly installed SMBI system. ELM control experiments by pulsed fueling have been carried out in many tokamaks. The most widely-used technique is so called ELM pace-making by pellet injection [22, 23] . To alter ELM characteristics and stability, fueling or impurity seeding should reach sufficiently deep into the pedestal region thus the capability of conventional gas puffing for the purpose of ELM control is rather restrictive [22] . On the other hand, both SMBI and pellet injection can deliver direct perturbations into the pedestal region owing to their speed and size.
It has been generally accepted that pellet injection, which penetrates deeply into or beyond the pedestal, directly causes MHD instabilities, and thus a resulting ELM burst per pellet injection [23, 33] .
However, in the case of the SMBI, the penetration depth is shallower than that of pellet injection;
therefore SMBI needs not immediately provoke an ELM burst [17, 18] . We suggest that shallow particle deposition by a SMBI changes the local characteristics of the pedestal transport dynamics and the local density profile structure, and consequently alters the ELM dynamics. It is noteworthy that each pellet injection is highly coherent with individual ELM triggering but the SMBI pulses are not directly correlated with individual ELMs.
A train of three SMBI pulses achieved the mitigation of large ELMs in KSTAR as shown in figure   6 for KSTAR discharge #6376, with similar plasma parameters to KSTAR discharge #6352 [18] . The type of ELMs was altered from large ELMs to small ones after the SMBI pulses. The SMBI injection sequence is shown in figure 6 (f). Three pulses (τSMBI~8 ms, 1 MPa) are injected in this shot. The corresponding change of the key parameters is introduced in figures 6(a) to 6(e). Figure 6 (a) depicts the plasma core (red curve) and edge temperature (blue curve), respectively. A drop of the temperature is clear when a SMBI pulse is injected, as shown by the dotted lines. The edge temperature decrease rate with time due to SMBI is faster than that in the core plasma, which means the cold SMBI particle source is deposited in the plasma edge rather than in the core. In figures 6(b) and 6(c), there are responses at the plasma current Ip and line-averaged density ne. The plasma current drops and density increases (Δne~0.5x10 19 m -3 ) just after the SMBI pulses. The SMBI influence time τI can be maintained during several tens of ELM periods as shown by the Dα signal in figure 6(d) using double arrows. τI of pulse A and B are 280 ms and 320 ms, respectively. The red curve in figure 6(e) is the global stored energy, Wp in kJ. Some modest decay after SMBI pulse injection is observed at 2.7 s in the global stored energy for KSTAR discharge #6376. In figure 6 (e), the blue squares are the experimental results measured by x-ray imaging crystal spectroscopy (XICS) [34] of the toroidal rotation evolution with time. After each pulse injection, the plasma toroidal rotation decreases and then recovers. A simplified model, which uses a diffusive bi-stable cellular automata model, was applied to understand the shallow particle deposition effect of SMBI on ELM mitigation [36] . Through the sandpile model study, it was seen that shallow particle deposition induced frequent small ejection events which prevented formation of large crashes. For the deep particle deposition, the mitigation effect of large crashes was rarely observed. The basic model is described in reference [37] and consists of a sand pile with an ejecting boundary on one side, a bi-stable toppling rule, noise-driven scattering to emulate collision diffusion, and an ultimate upper hard threshold on the occupation density profile.
The bi-stable toppling rule for the pile incorporates aspects of L and H phase turbulent transport. The hard threshold emulates an upper limit on profile steepness, as in a ∇Pcrit for MHD instabilities, frequently associated with ELMs. ELMs occur when the entire edge pedestal region is populated up to the hard threshold limit, and occur as ejection events driven by avalanches, which span the full pedestal cross-section. The trends indicated by this simplified model study are all qualitatively consistent with the experimentally observed trends, and suggest that shallow SMBI deposition into the pedestal mitigates ELMs by reducing the population of large avalanche transport events, while increasing the number of smaller events. The simplified model also predicts pedestal gradients flattening near the deposition position [36] . Figure 8 shows changes of the filament structures by the shallow SMBI depositions outside of the half pedestal width [18] . Sizes of the filament structures during intrinsic ELM phase are decreased by 1 st SMBI pulse but the initial filament structures almost recover after the SMBI influence time τI. Then 2 nd SMBI pulse reproduces again the similar filament structures achieved by the 1 st SMBI pulse. It experimentally supports the prediction of the sand-pile model in explaining the mechanism of large crash prevention. Based on above experimental observation of ELM mitigation by SMBI, we expect the model to apply to both the Peeling-Ballooning model and also edge particle transport driven relaxation [17, 37] .
It is thought that the effect of vertical jogs on ELM triggering is due to the change of edge current by inductive motion of plasma column from the result of a TCV ELM pacing experiment [12] . However, there still exist other possible explanations of this ELM trigger mechanism like the sudden deformation of equilibrium after observing the contradictory timing of ELM triggering in ASDEX-U experiment [13, 38] .
In order to apply fast vertical jogs from a plasma equilibrium position, we programmed a sawteethshaped waveform in the vertical position reference of plasma control system (PCS) [39] . As briefly described in section 3.1, the axisymmetric part of the IVCC produced an appropriate radial field which was superposed with the equilibrium field according to the PCS command. The experiment aimed to lock the ELM frequency to the frequency of vertical jogs by varying the amplitude, velocity, and frequency of vertical jogs. By doing this, we studied basic characteristics of vertical jogs such as the ELM trigger timing in KSTAR discharges.
As depicted in figure 9 , the ELM trigger timing was successfully locked to the phase of vertical jogs. The relatively moderate vertical jogs, ~25 mm peak-to-peak amplitude with 50 Hz frequency showed almost exact triggering of ELMs when the plasma moved away from the lower x-point with its maximum speed. The drops of edge electron temperature and line-averaged density were well synchronized with Dα bursts as depicted in figures 9(c) and 9(d).
The reconstructed equilibrium of the reference plasma had an almost double null or slightly lower single null configuration [40] . Therefore the required level of the vertical jogs for ELM triggering seems to be somewhat large when compared with the result from other similar devices [13] . It is worthwhile mentioning that the phase of the actual excursion exhibited an almost out-of-phase behavior with the programmed phase. After deliberately comparing the measured vertical position of the plasma column with non-magnetic diagnostics such as the soft x-ray signal and the broad peak of the Dα signal, we concluded that the phase of the magnetically measured vertical position in the PCS was coincident with the measurements of the aforementioned non-magnetic diagnostics.
When we increased the excursion amplitude in order to oscillate the equilibria between lower On the other hand, we could not synchronize ELM bursts to 100 Hz vertical jogs. The intrinsic ELM frequency was measured to be 30~50 Hz even though the bursting timings were somewhat irregular. Comparing with the 50 Hz frequency case, a slight decrease of the excursion amplitude (~20 mm peak-to-peak) was observed with the same excursion amplitude of the PCS command. In the next campaign, we will test a LSN configuration as a target equilibrium to achieve ELM pace-making in higher vertical jog frequencies.
Edge electron heating
A perturbation on pedestal plasma pressure or current is one of the envisaged techniques for control of ELMs. The well-known 'pellet injection' is a good candidate to trigger ELMs by perturbing the density locally in the pedestal region [24] . On the other hand, there is also possibility of ELM control by direct heating or current drive in the pedestal region [20] which will influence the P-B stability In this case, the power from the 110 GHz gyrotron could be deposited at the upper outer region around
)~0.8 and the power from the 170 GHz gyrotron could be deposited at upper inboard side around ρpol~0.9. The calculated deposition of ECH power in the pedestal is partly confirmed by the measurements of heat pulse propagation using ECE radiometers. The ECE edge channels drop first after turn-off of the EC power and also the modulated ECH confirms the pulse propagation from the pedestal region to the core. In addition, the change of the edge ECE is larger than that of the core and this supports the observation that the ECH power is deposited locally in the pedestal regions.
The effect of pedestal ECH is shown in figure 11 . In KSTAR discharge #6313, after the L-H transition, ECH was injected for the period t=2.6-3.1 s (PECH is shown in the first box of figure 11 ).
The ELM frequency increased during the ECH injection as shown the Dα trace. The fELM before and after the ECH injection was about 20~30 Hz and during the ECH, fELM increased up to 40 Hz, which confirms the potential of pedestal ECH for ELM control. In addition, the line-averaged electron density decreased, suggesting a change of the particle transport in the pedestal region. The central toroidal rotation, VT is also decreased. However, the stored energy did not change significantly and △WELM was roughly the same before and during ECH. This may be due to the additional power from ECH in the pedestal. Not only fELM increased but also △WELM did not decrease as the fELM increases.
The effect of current drive was investigated by changing the parallel index of incident ECH beam, but the effect of CD was not discernible. In the next campaign, the effect of ECCD will be further investigated by optimizing the ECCD efficiency.
Discussion and summary
Since the first plasma in 2008, the performance of KSTAR plasma has consistently improved. By achieving H-mode discharges [42] , a main baseline scenario of ITER, the KSTAR device became ready to contribute to unsolved issues in the thermonuclear fusion area. The 4 th campaign in 2011 concentrated on the control of ELMs during the H-mode phase, since this is one of the most urgent issues for ITER machine safety and lifetime [7] .
The n=1 NA field perturbation presented different ELM control effects varying from full suppression of ELMs to the intensification of ELMs, depending on the poloidal phasing of the FEC coils. Among the results, n=1, +90 poloidal phasing of the NA field achieved the full suppression of ELMs. It appeared that electron and ion temperatures were little affected by the NA field perturbation regardless of its poloidal phasing. However, plasma density, stored energy, and toroidal rotation exhibited almost 10 % drops during the intensified ELM phase. The dropped plasma density was increased again during the following ELM suppression phase, while the stored energy and the toroidal rotation were maintained at the dropped levels. A systematic study of different ELM characteristics, depending on the spectra of NA fields, will enlarge our understanding of ELM control by NA field perturbation, with already known parameters such as q95 windows and edge collisionality. Furthermore, ELM suppression through n=1 NA field perturbation by in-vessel coils might provide the possibility of extension of ELM control by external coils because of the simpler field structure of n=1 NA field, compared to other n>1 cases, in addition to the JET result [32] .
The SMBI achieved remarkable ELM mitigation in the KSTAR H-mode discharges as well as in the HL-2A discharges. The SMBI influence time τI in the KSTAR discharges was at least order of one longer than that for HL-2A. The analysis to explain the observed difference of τI between two devices is progressing. The mitigated ELMs were obtained with slight degradations of confinements in plasma current, stored energy, and toroidal rotation. The diffusive bi-stable cellular automata model well explained the ELM mitigation mechanism by the shallow particle deposition along with the degraded confinements. In 2011, the SMBI experiments were mainly devoted to the effect of shallow particle deposition with its role in the turbulence spectrum change. We will further investigate the deposition depth effect by cryogenic SMBI and the radiative cooling effect by impurity injection. unfavorable SN configuration will be tested in the next campaign. For the second issue, we will focus on finding the differences such as ELM precursors or filament structures among multiple ELMs based on the measurements such as Mirnov coils and ECEI.
Edge heating by ECH just demonstrated potential capability for affecting edge pedestals. By applying 0.9 MW heating on the edge pedestal, the frequency of ELMs was increased almost factor of two although △WELM was roughly the same before and during ECH. Moreover, accompanying degradations by the edge heating were also observed in particle (line averaged density) and momentum (core toroidal rotation) confinements. To achieve ELM suppression/mitigation, optimized current drive on the edge pedestal needs to be performed. The Ohkawa current drive (OKCD) method has been considered as a solution for the edge current drive since the efficiency of the OKCD method is increased as the trapped population of electrons grows [43] .
As mentioned in the above, various control methods were proven to be effective. Moreover, synergy effects among the ELM control methods need to be investigated as well. For instance, it was reported that both the NA field perturbation and the SMBI could mitigate ELMs by altering the type of ELMs although the detailed physics mechanisms might not be same. Therefore, it is beneficial to study a possibility of 'further mitigation by the SMBI' of 'already mitigated ELM state by the NA field perturbation' for achieving the required level of ELM mitigation for ITER. This might not be fulfilled by individual ELM control methods. Table 1 . Summary of ELM characteristics depending on poloidal phasing of applied n=1 NA field. The stochastic region [44] in normalized poloidal flux, ψN depicts the width of edge region where Chirikov criterion for stochasticity is satisfied.
